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ABSTRACT Deformation monitoring plays an important role in performance monitoring to ensure the 
reservoir dams and embankments are functioning as designed. This work should be the first deformation 
monitoring application of GNSS in China’s huge South-to-North Water Diversion Project. A GNSS 
deformation monitoring system, equipped with 4G data transmission and automated data processing software, 
is established at Shuangwangcheng Reservoir, an important regulation control project on the Eastern Route. 
Precision evaluations of different observation sessions from both GPS and BDS are conducted, and results 
show that the performance of BDS is comparable to that of GPS, especially for longer observation session 
solutions. The 1 mm horizontally and 2 mm vertically precisions of daily solutions meet the deformation 
monitoring requirement of the project. The deformation time series reveal an uneven settlement of 
Shuangwangcheng Reservoir dam. Causes of deformation are analyzed and the water level change in the 
reservoir is deemed as the main factor. 
INDEX TERMS GNSS, BDS, deformation monitoring, dam, South-to-North Water Diversion Project
I. INTRODUCTION 
The temporal and spatial distribution of water resources in 
China is extremely uneven. The South-to-North Water 
Diversion (SNWD) Project is a large-scale inter-basin water 
transfer project aiming at alleviating the increasingly serious 
water shortage in Beijing, Tianjin and North China. The 
general layout of the water diversion involves three parts: the 
Eastern Route Project (ERP), the Middle Route Project 
(MRP) and the Western Route Project (WRP), which diverts 
water from lower, middle, and upper reaches of Yangtze 
River, respectively. Except for the pending WRP, the ERP 
and MRP have been in operation since 2013 and 2014, 
respectively. Up to December 2018, more than 22.2 billion 
cubic meters of water had been transferred in total [1], which 
had greatly improved the water conditions in North China. 
For instance, nowadays the transferred water accounts for 
more than 70% of the daily water supply for household use 
in Beijing [2]. 
The Eastern Route Project of South-to-North Water 
Diversion goes through the seismically active region in 
eastern China. Even with earthquake design of the hydraulic 
structures, there still exists a disaster risk owing to the 
complexity of seismic hazard and the uncertainty of ground 
motion parameters. The single-line water transfer system of 
more than 1,400 km for the east route alone, is connected by 
a series of hydraulic infrastructures, including 13 low-lift 
pumping stations, four natural lakes and three newly-built 
reservoirs for water regulation, etc. Thus, continuous 
monitoring of the stability of these infrastructures is crucial 
to ensure the safety of the public and the operation of ERP. 
Compared with the traditional surveying methods, e.g., 
levelling, Global Navigation Satellite System (GNSS) 
provides stable and continuous observations in all weather 
conditions with high automatization. Over the past three 
decades, GNSS has been proven to be an efficient technique 
in structural health monitoring (SHM) [3, 4]. Typical 
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engineering practices include applications in bridges [5, 6], 
high buildings [7, 8] and dams, etc. Hudnut et al. [9] 
deployed a system of continuous GPS stations since 1995 to 
monitor the displacement of Pacoima Dam in California, 
USA. It was the first near-real-time GNSS deformation 
monitoring system on dams. Their results showed that the 
ionosphere-free linear combination performs the most 
robust, although theoretically such observations are noisier 
than original observations. Due to the telemetry limitations 
and data processing capabilities at that time, the system did 
not operate in real time. The time lag of up to several days 
limited the dynamic deformation application as the 
earthquake response. Xu et al. [10] and Zhang et al. [11] 
developed the first near-real-time and automatic GPS 
deformation monitoring system in China on Geheyan dam of 
the Qingjiang River in 1996, and its accuracy and precision 
were found in the level of  millimeters for both 2-hour and 
6-hour baseline solutions. This GPS monitoring system 
provided critical information for the government officers to 
make a critical decision in the 1998 China Floods which 
greatly contributed to the flood protection in the lower 
reaches of the Yangtze River [10]. Ding et al. [12] and He et 
al. [13] developed a new multi-antenna GPS monitoring 
system, which utilizes a single receiver together with 
multiple antennas to monitor several points. Compared to the 
conventional ‘‘one antenna with one receiver’’ observation 
mode, the multi-antenna GPS monitoring system could 
significantly reduce the hardware cost. Its application to the 
Xiaolangdi dam in June 2002 showed that the post-
processing positioning accuracy was around 1–2 mm. The 
Metropolitan Water District of Southern California 
employed GPS monitoring systems on three earth/rock dams 
for Diamond Valley Lake in California [14]. The fully 
automated systems started to supply reliable deformation per 
week on targeted points in October 2000, showing that it 
could detect the displacements greater than 1 cm with the 
confidence level of 95% and met the monitoring 
requirements. TAŞÇI [15] measured the deformation of 
Altýnkaya dam in Turkey using dual frequency GPS for 4 
times over 2 years, and a high correlation between the dam 
deformation and the water level was observed. The GPS 
team of Indian Institute of Technology Bombay [16, 17] 
conducted studies in Koyna region, India, to monitor the 
deformation of the Koyna dam using GPS, with the aim to 
reveal the post-earthquake deformation pattern after the 2001 
Gujarat earthquake (Ms 7.8). They successfully captured a 
displacement of 2.3 cm of the dam in the NW direction 
during the Maharashtra earthquake (Ms 4.2) on 8 June 2005. 
They also reported that after the earthquake, the dam 
rebounded to its original position with an opposite 
displacement of 2.1 cm. Rayan et al. [18] evaluated the 
crustal deformation using a network of GPS sites in Aswan 
region, Egypt, where the Aswan Dam was located. They 
computed the long-term GPS displacement time series, 
suggesting that the displacement was significant during the 
study period, and presented a coherent intraplate extensional 
deformation pattern. Jiang et al. [19] developed a GPS 
package of dam deformation monitoring software and 
successfully applied for Xilongchi dam deformation in 
Shanxi, China. In addition, Xi et al. [20] simultaneously 
estimated the water level of the upper reservoir of Xilongchi 
pumped-storage power station using on the reflected signals 
of GPS, suggesting that GPS can offer accurate displacement 
time series of the dam as well as a viable water level 
indicator. Barzaghi et al. [21] employed GPS to monitor the 
surface deformation of the Eleonora D’Arborea (Cantoniera) 
dam in Italy and their comparisons with the pendulum and 
collimator data indicated that although GPS derived 
displacements were less accurate than those from pendulum, 
they were accurate enough for dam deformation monitoring 
and can overcome the drawbacks of pendulum (i.e. only 
applied on pre-defined points as well as cannot reflect the 
crest displacements exactly). They also suggested that 
collimator could be replaced and the integration of pendulum 
with GNSS is a modern and efficient method for dam 
deformation monitoring. Dardanelli et al. [22] and Pipitone 
et al. [23] employed GPS to measure the orthogonal 
displacements of Castello Dam of Magazzolo reservoir, 
Italy. The comparison between GPS displacements and 
water level implied that (i) the displacements at different 
stages of the reservoir, i.e., emptying and filling phases, did 
not have the same response to the water level, and (ii) the 
changes in the water level could not fully explain the 
deformation behavior of the dam. Yavaşoğlu et al. [24] 
carried out nine GPS campaigns to monitor the surface 
deformation of Ataturk Dam, Turkey, during the period from 
2007 to 2013. Their results showed that the displacement rate 
of the dam embankment declined while the water load 
behind the dam increased, which could be used for strain 
analysis and water storage decision of the reservoir. 
    As an important part of GNSS, BeiDou Navigation 
Satellite System (BDS) started providing positioning, 
navigation and timing (PNT) service in the Asia-Pacific 
region (also known as BDS-2 at this stage) at the end of 
2012, and 6 years later, the BDS-3 preliminary system 
started to provide PNT service to the whole world. Previous 
studies have suggested that the positioning precision of BDS 
is comparable to that of GPS [25-29]. Jiang et al. [30] 
reported that BDS-2 performed better in the middle latitude 
region than the high latitude region in China owing to the 
satellite geometry. In this study, we will also assess the 
performance of GPS and BDS for deformation monitoring. 
    The second part of this paper introduces the site conditions 
of the study area, Shuangwangcheng (SWC) Reservoir. 
Section 3 describes the established GNSS monitoring system 
as well as the data processing strategies. The precision 
evaluation of the GNSS results, the correlation between 
GNSS displacements and water level changes, as well as the 
dam deformation mechanism are presented in Section 4, 
followed by the conclusions in Section 5. 
II. STUDY AREA 
The ERP raises water from the main stream of the lower 
reaches of the Yangtze River through the Jiangdu Water 
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Control Project in Yangzhou, Jiangsu Province. It uses the 
Beijing-Hangzhou Grand Canal to connect Hongze Lake, 
Luoma Lake, Nansi Lake and Dongping Lake, which also act 
as storage reservoirs. Upon going through 13 levels of 
pumping stations, the water is gradually introduced into 
Dongping Lake and from there divided into two ways. One 
route crosses the Yellow River and the water flows to 
Tianjin. The other road goes through the newly built water 
transfer trunk of Jiaodong area to reach the channel of water 
diversion project from Yellow River to Qingdao, and finally 
supplies water to Jiaodong Peninsula. 
    Besides the four natural lakes, three new reservoirs were 
constructed to regulate the water storage. SWC Reservoir, 
located in Shouguang, in the north of Weifang city, 
Shandong Province, is the only storage reservoir placed in 
the area with a seismic intensity of VII degrees according to 
the national seismic zoning map of China [31]. On 18-19 
August 2018, affected by the typhoon “Wambia”, heavy 
rains fell over Shouguang, causing the water level in Yeyuan 
Reservoir, Songshan Reservoir and Heihushan Reservoir in 
the upper reaches of the Mi River to approach or even exceed 
the limited water level. To ensure the dam safety, the three 
reservoirs opened their floodgates. With the increase of flood 
discharge flow, the villages along the Mi River in the lower 
reaches suffered water infusion. In fact, Shouguang is a city 
inflicted by extreme shortage of water, and the flood 
drainage system design in this city was imperfect or mostly 
destroyed. The flood disasters had caused great losses to 
local farmers living on vegetable greenhouse culture.  
    SWC Reservoir was taken as the experimental and 
demonstration project of SNWD for continuous GNSS 
deformation monitoring. The designed maximum storage 
capacity of SWC Reservoir is 61.5 million cubic meters, with 
its highest water storage level of 12.5 m. The reservoir has a 
storage capacity of 53.2 million cubic meters. The shape of 
the reservoir is generally trapezoidal, and the inflection 
points are smoothly connected by circular arcs. The axis of 
the dam is 9.6 km. The main infrastructure of the reservoir 
includes dams, aqueducts, pumping stations, sluices and 
culverts. The border dam is sandy soil homogeneous with 
composite geomembrane seepage prevention inclined wall, 
and the foundation of the dam is formed with thin concrete 
cutoff wall. The width of the crest of SWC dam is about 4 m 
paved with asphalt concrete (Fig. 1A). The pre-cast concrete 
slope protection is applied for the upstream face of the dam, 
and the downstream of the slope is protected by turf. The 
project started in May 2010 and completed in June 2013. In 
our field investigation in September 2016, cracks were 
observed on the downstream face and the crest of the dam 
(Fig. 1B, C and D). Thus, deformation monitoring of the 
dams is essential, not only to guarantee the water supply for 
SNWD project, but also to protect the life and property of the 
local people. 
 
 
FIGURE 1.  Photos taken at SWC reservoir: (A) View sight on the dam 
crest facing upstream; (B) Cracks found on the concrete stairs on the 
downstream face of the dam; (C) and (D) Cracks observed on the crest 
of the dam. 
III. GNSS MONITORING SYSTEM 
Traditional measuring methods like triangular elevation 
method and levelling have disadvantages such as long 
working time and high labor intensity, making the 
deformation measurement asynchronous and hard for quality 
control. With the development of mobile communication 
technology and the decline of hardware costs, the advantages 
of GNSS become more prominent. Besides the optimal 
allocation of the monitoring network, the near real-time 
GNSS monitoring system still requires high-grade system 
control and data processing software supports. The system 
implemented at SWC Reservoir included the following three 
parts: Data collection, Data transmission and Data analysis 
center. 
A. DATA COLLECTION 
In the GNSS monitoring network at SWC reservoir, we set 
up one base station and three monitoring sites, and all the 
four sites operated 7*24 hours. All the four sites were 
carefully inspected based on field investigation. Several 
principles were mainly considered: 1) key areas need more 
attention, such as the hydraulic structures and the areas with 
cracks; 2) good observation conditions, such as wide field of 
view and less occlusion; 3) convenient construction and 
maintenance, without affecting the operation of the project. 
The layout scheme of the GNSS monitoring system at SWC 
Reservoir is shown in Fig. 2. 
 
 
FIGURE 2.  Layout of the GNSS sites established at SWC reservoir. 
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The base station was established in the yard of SWC 
Reservoir Management Office, near the control points of the 
local survey control network. To best ensure long-term local 
stability, a reinforced concrete cushion cap with steel re-
enforcement bars to a depth of more than 2 meters was built 
as the foundation of the base pillar. A dual-channel 
multimode GNSS receiver was equipped at each site and 
dual-frequency signals of GPS and BDS were recorded 
synchronously with a sampling rate of 15 seconds. The 
municipal power grid was selected as the power supply in 
this case. When it is not available, uninterruptible power 
systems with solar panels would be an alternative solution. 
The monitoring sites were selected to be established near 
the structures through the dam, i.e., the drainage culvert 
(profile coordinate 2+466), drainage pump station (3+700), 
and the water supply aqueduct for Shouguang city (7+060), 
which calls for more attention (Fig. 2). In turn, they are 
clockwise named TP01, TP02 and TP03. The antennas at the 
monitoring points are mounted on the concrete, forced-
center pillars on the upstream face, close to the crest of the 
dam. The pillars of the three monitoring points are up to two 
meters to make sure the antennas were higher than the wave 
protection walls around the dam crest. All antennas are 
covered by hemispherical domes as protection. Photos of the 
GNSS monitoring sites established at SWC reservoir are 
shown in Fig. 3. 
 
 
FIGURE 3. Photos of the GNSS monitoring sites at SWC reservoir: (A) 
Base station; (B) A monitoring site on the upstream face of the dam; (C) 
A GNSS receiver in the equipment box. 
B. DATA TRANSMISSION 
The data recorded in the GNSS receivers at the sites should 
be transmitted to the data analysis center in near real-time for 
data processing and analysis. Typical transmission medias 
include optical fiber, wireless bridge and the public wireless 
phone network. Data transmission by optical fiber has the 
advantage of high bandwidth, a large amount of 
communication with little attenuation, as well as not being 
susceptible to the electromagnetic noise. It is suitable for the 
cases where fibers have already been laid around the 
monitoring sites. The wireless bridge can cover a wide range 
of several to tens of kilometers in the working mode of point-
to-point, multipoint, or repeater. The construction of the 
wireless network is relatively flexible, and the system is easy 
to maintain and upgrade. Generally, this technique is a 
preferred choice when there is good sight condition within a 
certain distance.  
    In this case, we chose 4G, i.e., the fourth generation of 
broadband cellular network technology, provided by mobile 
network operator for the transmission of the binary GNSS 
source observation data per hour. For a long-distance water 
conveyance system, the public phone network can break the 
transmission distance limit. A Network Address Translation 
(NAT) service was used to connect the Intranet at the Data 
Analysis Center and the data transmitting terminals. The 
receiving end would check the integrity and quality of the 
original data files, and then store them in the database. The 
local storage medium was also equipped in case of 
transmission block. 
C. DATA ANALYSIS CENTER 
Traditional data analysis center always includes hardware, 
like the servers, and the software parts, as the data processing 
software and management database. The data analysis center 
can be located in the government department far away from 
the monitoring sites. With the development of the cloud 
computing, the software and the database now can be 
deployed in cloud servers, such as the Alibaba Cloud (public 
cloud) or the government cloud (private cloud). The physical 
entity of the data analysis center can be revoked, and all 
functions could be achieved by accessing the cloud via any 
computers or intelligent terminal devices. 
 
FIGURE 4. Flowchart of the data processing platform deployed at SWC 
reservoir. 
    In this case, we deployed the data analysis center at the 
SWC Reservoir Management Office and the flowchart of the 
data processing platform is shown in Fig. 4. The database is 
the core of the platform as responsible for the storage and 
management of the original observation data and GNSS 
results. It also provides interfaces for extension functions, 
such as data query, display or analysis. After being received 
and checked for the data integrity, the raw GNSS data are 
imported to the database and backed up. As the surface 
deformation of the dam is regarded as a slow process, the 
deformation of the monitoring points are determined with 
respect to the base station in the relative positioning with 
short baselines. When the data from both base and 
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monitoring sites exist synchronously, the system would 
automatically call the processing module to process the data 
and obtain the final solution, which would also be stored in 
the main database. 
D. DATA PROCESSING STRATEGIES 
As the deformation of the dam is a slow process, and the 
observation data are collected to the solution center per hour, 
static solutions of the local monitoring network with short 
baselines (~2.5 km) were selected. We developed a software 
package to automatically process the GNSS data. Parameters 
and strategies used in the data processing are shown in Table 
1. Raw L1 and B1 carrier phase signals are utilized thanks to 
their low noise. The satellite dependent terms of the error, 
which mainly include the fractional carrier phase bias and the 
satellite clock offset, as well as the error terms related to 
propagation medium, i.e., the ionospheric and tropospheric 
delay, are eliminated or mitigated by the double-difference 
observation. Nowadays, the accuracy of the GPS and BDS 
satellite broadcast ephemerides can reach ~100 cm, which is 
good enough for deformation monitoring [32, 33]. We set the 
elevation angle cutoff to 15° in data processing and the 
sampling rate was 15 s. 
 
TABLE I PARAMETERS AND STRATEGIES USED IN THE DATA PROCESSING 
Items Parameters 
Approximate 
baseline length 
Base-TP01: 2345.40 m 
Base-TP02: 2912.24 m 
Base-TP03: 2433.51 m 
Observations L1/B1 double difference observations 
Receiver clock 
error 
Eliminated by double-difference observations 
Satellite-
dependent error 
Eliminated by double-difference observations 
Propagation-
related error 
Mitigated by double-difference observations 
Satellite orbit Broadcast ephemerides 
Sampling 
interval 
15 s 
Cutoff elevation 
angle 
15° 
IV. RESULTS AND DISCUSSION 
A. PRECISION EVALUATION 
As the antennas are strictly fixed on the pillars and the 
deformation of the dam surface is regarded as a slow process, 
we can assume that the baselines were constants during a 
short period (e.g. 1-24 hours). The differences of baseline 
vectors calculated by various time-length observation 
sessions characterize the precision of GNSS baseline 
solutions. We use the repeatability and the variance of the 
baseline solutions to represent the precision. 
    Larson et al. [34] characterized the short-term precision 
(which might be an underestimation of the true value due to 
the less error changes compared with longer times) of the 
GPS estimated vectors by Repeatability, which has been 
widely accepted and applied. For n observation sessions, the 
Repeatability, 𝑅௫, is calculated as 
𝑅௫ ൌ ට௡∙∑ ሺ௫೔ି௫̅ሻ
మ/ఙ೔మ೙೔సభ
ሺ௡ିଵሻ∙∑ ଵ/ఙ೔మ೙೔సభ
   (1) 
where 𝑥௜  stand for the XYZ or north east up (NEU) 
components of the baseline solutions, 𝜎௜ଶ  are the standard errors of the n independent values 𝑥௜. Here, ?̅? stands for the weighted average of 𝑥௜, and can be calculated as 
?̅?  ൌ ∑ ሺ௫೔/ఙ೔మሻ೙೔సభ∑ ሺଵ/ఙ೔మሻ೙೔సభ    (2)     If we use the arithmetic mean, 𝜇௫, instead of the weighted average, Equation (2) can be simplified as 
𝜎௫  ൌ ට ଵ௡ିଵ ∑ ሺ𝑥௜ െ 𝜇௫ሻଶ௡௜ୀଵ  (3) 
    In this case, the baseline solutions of various time-length 
observation sessions are considered as samplings of the true 
value, and the statistical precision of the GNSS solutions are 
described by the Sample Variance (SV). Equation (3) is in 
fact the unbiased estimation of the Sample Variance. 
    The continuous observation data from 25th April to 4th 
May 2017 were selected to assess the precision. 1-hour, 2-
hours, 4-hours, 6-hours, 12-hours and 24-hours static 
baseline results from both GPS and BDS were evaluated and 
the repeatability and sample variance are listed in Table 2. 
The Repeatability calculated from (1) and the Sample 
Variance from (3) are very close, and with the observation 
session increasing, the two indicators tend to be nearly 
identical. In the case shown in Table 2, the differences 
between R and SV are less than 0.5 mm. SV is in fact a 
simplification of R since weight is not considered during the 
calculation of mean. 
    From Table 2 we can see that, as the observation period of 
the solution increases, the R and SV gradually decreases, 
indicating that the precision of the GNSS solutions are 
improved. The Repeatability of the three baselines were 
averaged and the results are shown as Figure 5. The 
precisions of 1-hour static solutions for BDS are 3-4 mm 
horizontally and 7-8 mm vertically. At the same segment, the 
R and SV values of GPS solution are lower, which are 2-3 
mm in horizontal direction and 4-5 mm in vertical direction. 
GPS exhibits better performance. The difference between 
BDS and GPS solutions for 6-hours become smaller, and the 
Repeatability achieves 2-3 mm horizontally and 3-4 mm 
vertically for BDS, as well as 1-2 mm horizontally and 2-3 
mm vertically for GPS. When the solution session increases 
to 24 hours, the precision of BDS and GPS shows almost no 
difference. The results from both systems can reach 1 mm 
and 2 mm horizontally and vertically, respectively. As 
expected, the precision of vertical component is always 2-3 
times that of the precision of GPS horizontal components, 
which can also be observed for the BDS results. 
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TABLE II REPEATABILITY(R) AND SAMPLE VARIANCE (SV) OF THE BASELINE SOLUTIONS IN N/E/U DIRECTIONS. UNIT: MM. 
Solutions 1 hour 2 hours 4 hours 6 hours 12 hours 24 hours 
BDS 
Base-TP01 R 2.9/1.9/6.1 2.6/1.6/5.2 2.1/1.3/4.1 1.7/1.2/3.4 1.3/1.0/2.2 1.0/0.8/1.6 SV 2.9/1.9/6.3 2.4/1.6/5.3 1.9/1.4/4.3 1.6/1.2/3.3 1.4/1.0/2.2 1.0/0.8/1.6 
Base-TP02 R 3.7/2.7/7.0 3.4/2.2/6.0 2.9/1.7/4.7 2.6/1.6/3.2 1.9/1.3/2.2 1.4/0.9/1.5 SV 3.6/2.6/7.2 3.1/2.2/6.1 2.7/1.7/4.6 2.4/1.5/3.1 2.0/1.3/2.1 1.4/1.0/1.5 
Base-TP03 R 3.0/2.9/7.4 2.7/2.6/6.6 2.2/2.1/4.1 2.0/1.9/3.1 1.3/1.6/2.4 0.7/0.9/1.5 SV 3.1/2.6/7.1 2.6/2.3/6.2 2.1/1.9/4.0 1.9/1.7/3.1 1.4/1.6/2.3 0.8/0.9/1.5 
GPS 
Base-TP01 R 2.2/1.5/3.8 1.7/1.2/3.5 1.4/1.0/2.7 1.2/0.7/2.4 1.0/0.6/1.8 1.0/0.5/1.2 SV 2.2/1.5/4.1 1.8/1.2/3.4 1.5/1.0/2.7 1.2/0.7/2.4 1.0/0.6/1.8 1.0/0.5/1.2 
Base-TP02 R 3.2/1.7/4.8 2.4/1.3/4.4 2.0/0.9/3.2 1.6/0.8/2.8 1.4/0.6/2.1 1.3/0.4/1.4 SV 3.0/1.7/5.1 2.5/1.3/4.4 2.1/0.9/3.2 1.7/0.8/2.8 1.4/0.6/2.2 1.3/0.4/1.4 
Base-TP03 R 1.9/1.9/3.8 1.4/1.5/3.3 1.0/1.1/2.0 0.9/0.7/1.7 0.7/0.6/1.3 0.4/0.4/1.0 SV 1.8/1.9/4.1 1.4/1.5/3.3 1.1/1.1/2.0 1.0/0.8/1.7 0.7/0.6/1.3 0.4/0.4/1.0 
 
    The precisions of baseline BASE-TP02 stand lower than 
that of the other two baselines, BASE-TP01 and BASE-
TP03, for both results from BDS and GPS. We believe that 
it is mainly attributed to the length of the baselines. The 
length of BASE-TP02 is 2912.24 m, which is the longest, 
followed by 2345.40 m for BASE-TP01 and 2433.51 m for 
BASE-TP03. The height differences between the base and 
the monitoring sites are less than 10m, and the troposphere 
error and the first order of ionosphere effect are expected to 
be nearly removed by the double difference observations. 
 
FIGURE 5. The averaged repeatability of NEU directions for 
BDS and GPS results. 
 
FIGURE 6. Number of visible satellites (15° elevation cutoff 
angle) in a 24-hour period of the GPS and BDS at the base 
station over a 24-hour period. 
    To further analyze the precision difference between the 
GPS and BDS results, we show the number of visible 
satellites in Fig. 6 and the sky plot at the base station in Fig. 
7. The minimum number of visible satellites is 9 for both 
systems, and the maximum numbers are 14 and 13 for BDS 
and GPS, respectively. A sufficient number of visible 
satellites guaranteed the implement of deformation 
monitoring application. 
 
FIGURE 7. Sky plot at the base station. [A] and [B]: trace of 
GPS and BDS satellites in 24 hours (1st May, 2017), 
respectively. [C] and [D]: trace of GPS and BDS satellites in 1 
hour (19:00-20:00), respectively. 
 
    Figs. 7A and 7C show the trace of GPS satellites during a 
period of 24 hours and 1 hour, respectively. In Fig. 7C we 
can see that the geometric distribution of the GPS satellites 
during the 1-hour observation session was considerable. The 
situations were quite different for BDS satellites as shown in 
Figs. 7B and 7D. It is worth noting that, different from the 
GPS system, the BDS satellites work in three kinds of orbits, 
the geostationary orbit (GEO), the medium Earth orbit 
(MEO), as well as the geosynchronous orbits (IGSO). The 
constellation design ensures accessible system service in 
Asia-Pacific region with fewer satellites in orbit at the early 
stage. In Figs. 7B and 7D, C1 – C5 are GEO satellites, C6 – 
C10 and C13 are IGSO satellites, and C11, C12, C14 are 
MEO satellites. For longer session, like daily solutions, the 
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geometric distribution of BDS satellites is relatively 
reasonable, resulting in better precision shown in Table 2. 
However, for short sessions, like 1-hour solutions, the 
position dilution of precision of BDS is worse than that of 
GPS, due to the limited geometric distribution of the 
satellites in view. Take the observation period of 19:00-
20:00 as shown in Fig. 7D for instance, there are 8 satellites 
visible (C5 and C7 are excluded) with the cutoff angle set as 
15°, half of which are “stationary”. We consider the poor 
geometric distribution of BDS satellite constellation at this 
stage as the main reason for the lower precision compared 
with GPS. With more MEO satellites being launched and 
coming into service, in addition to a wider geographical 
coverage of BDS service, the precision of BDS is expected 
to be improved. 
    The precision evaluations of different GNSS observation 
session solutions are instructive to the deformation 
monitoring applications in water engineering. The 
monitoring frequency varies according to flood and non-
flood seasons, or according to different storage capacity with 
different water level situations. Daily results, which are 
actually much more frequent than the traditional 
measurements, may be enough in lower reservoir water level 
conditions during non-flood season, whereas hourly 
solutions would be of great help to the safety diagnosis and 
decision support in flood seasons. The precision level is the 
foundation of any analysis and judgments based on the 
GNSS monitoring results. 
B. DEFORMATION TIME SERIES 
The monitoring system began operation in April 2017. Daily 
displacement time series at three monitoring sites from the 
end of April 2017 to January 2018 are shown in Fig. 8 as A 
to C. For simplification purposes, we only show GPS results 
to analyze the deformation process of the dam. The data gap 
from June to August 2017 at TP02 was due to the equipment 
maintenance and replacement. Coordinates are transferred to 
NEU local system with the origin located at the base station. 
The total deformation in Fig. 8 refer to the square roots of 
sum of squares in NEU directions. Stitching of the raw data 
is a pre-processing step for daily solution since the data are 
transmitted hourly. The annual air temperature data (from 
February 2017 to January 2018) of Shouguang city, where 
the reservoir is located, are collected, and the average daily 
temperature is shown in Fig. 8D. The average diurnal 
temperature difference is 10.7 °C, and the thermal 
movements of the antennas and pillars, as well as random 
errors are largely reduced in the 24-hour session static 
solution. 
    In Fig. 8, the displacement time series of U direction is 
“smooth” than that of N and E directions, owing to a higher 
noise level of the deformation results in vertical direction. 
The performance is consistent with the precision evaluation 
results stated above, and the GNSS survey generates more 
precise results horizontally.
 
FIGURE 8. Deformation time series at the three monitoring sites (A - C) and the average daily temperature of Shouguang (D) during 
the GNSS observation session. 
 
    The N and E displacements at the three monitoring sites 
show similar performances, which are less than 5 mm, 
illustrating no significant horizontal movement during the 
period. The vertical component exhibits the largest 
displacement, as shown in Fig. 8 A - C, which reveals that 
the deformation characteristic of the dam is mainly 
expressed as settlement.  
    Fig. 8 shows different deformation processes at the three 
monitoring sites, reflecting the existence of uneven 
settlement of the dam. The amplitude of settlement at TP01 
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is smaller than those of the other two monitoring sites, and 
there seems to be a periodic signal during the deformation 
process (more clearly in Fig. 9). Generally, the periodic 
displacements are related to the temporal variations of 
temperature. Shouguang has a warm temperate monsoon 
semi-humid climate, with four distinct seasons. The 
maximum and minimum temperatures of the year is 39°C in 
July and -11°C in January, respectively. Empirically, vertical 
displacement of dam top reaches the maximum in summer, 
which appears uplift, and settles in winter mainly because of 
thermal expansion and contraction. However, due to 
insufficient observation time span, no conclusive evidence 
could support that, there exist a periodic deformation 
process, or that the deformation is related to temperature 
changes in this case. 
    The time series of TP02 shows that there is a settlement 
process in the nearby area in May 2017. Since the new 
observation starting point is selected as the reference upon 
equipment maintenance, we can only obtain the cumulative 
displacement from August 2017 to January 2018. It reaches 
20 mm in 5 months. Assuming that continuous deformation 
occurred during the data missing phase (the rate was 
consistent with that of May), the cumulative settlement of the 
TP02 should be higher. 
    TP03 presents a continuous settlement trend and the 
cumulative deformation is close to 30 mm. Looking into the 
details, we find that the deformation characters are not the 
same during the entire period. For instance, the velocity had 
an obvious change around New Year's Day, 2018. The area 
sank at a relatively rapid rate, i.e., almost 10 mm/month, in 
December 2017, whereas it maintained stable in January 
2018. 
C. CORRELATION ANALYSIS OF DEFORMATION AND 
WATER LEVEL CHANGES 
Water levels are the indispensable data for analyzing 
deformation and safety assessment of the dam. The water 
level changes recorded by the automatic gauge of SWC 
Reservoir as well as vertical displacement time series of the 
three GNSS monitoring sites are showed in Fig. 9. 
    In Fig. 9, the slopes of the curve of water level and the 
vertical deformation reflect the amount of water inflow and 
the velocity of subsidence at the monitoring sites, 
respectively. From the water level records in Fig. 9, we can 
see there are roughly two water impoundment processes 
during the study period: the first from mid-May to early 
August, and second from September to end of December. 
Taking the second water storage process as an example for 
detailed analysis, three phases can be divided depending on 
the quantity of water inflow per day. At the first stage from 
3rd September to 20th October 2017, the amount of water 
inflow was around 180,000 cubic meters and the water level 
change was about 0.02 – 0.03 m per day. The second and 
third phases were separated by a short pause from 30th 
November to 4th December 2017, and the amount of water 
inflow as well as the water level change were about 460,000 
cubic meters, 0.06 – 0.09 m and 380,000 cubic meters, 0.04 
– 0.05 m per day, respectively. The water level increased 
from 6.58 m on 3rd September to 11.51 m on 30th December 
2017, and the reservoir was totally charged with more than 
37 million tons of water, which introduced new load for the 
dam. We use polynomial fittings with degree 3 to 
approximate the vertical deformation process at the three 
monitoring sites and show the velocity of the dam 
subsidence. It appears accelerated settlement happened since 
late October 2017, while the time series trended to be stable 
after entering the New Year. The deformation was consistent 
with the second water storage process described above. 
 
FIGURE 9. The water level changes of SWC Reservoir and 
vertical displacement time series at the GNSS monitoring sites. 
     
    By comparing the subsidence with the reservoir water 
level in the same period, we can clearly observe that the 
deformation at each monitoring site has varying degrees of 
relationships with the water level. Correlations between 
normalized water level and deformation in up-down (UD) 
direction were calculated and are showed in Fig. 10. 
Since we record the settlement deformation as negative 
values, there is a negative correlation between the reservoir 
water level and the deformation of the dam surface. That 
means the higher the water level, the greater the amount of 
deformation. As shown in Fig. 10, the correlations at the 
three monitoring sites are -0.45, -0.85 and -0.95, 
respectively. The deformation at TP03 had much closer 
relationship with water level than TP01, and the water level 
changes had more influence on TP03 than on the other two 
sites. The coefficient of determination (R2) for the linear 
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regression model of normalized water level and vertical 
deformation is 0.21 at TP01, much less than that of 0.72, 0.91 
for TP02 and TP03, respectively. This phenomenon is partly 
due to the relatively smaller amount of cumulative 
deformation as well as the possible periodic signals in the 
sequence of TP01. 
 
 
FIGURE 10. Correlation analysis between normalized deformation in the up-down (vertical) direction and water level at each GNSS 
monitoring site. 
D. DEFORMATION ANALYSIS AND DISSCUSSION 
Dam deformation can be affected by many factors such as 
temperature (including air and water temperature), water 
pressure, dam-filling material and the deep cover of the 
reservoir, etc. In the case of SWC Reservoir dam, we 
consider the deformation mainly results from three 
interrelated factors, i.e., the consolidation and compaction 
process of the dam-filled material, water level and pressure, 
as well as the seepage. 
    Under the action of external force, it takes time for the 
filler of the dam to complete the compression process. Thus, 
there would be a settlement process before dam body and 
foundation could reach a relatively stable state. According to 
practical experience, the process would take several years 
after its completion of the earth-rock dam. The time span of 
the subsidence reaching stability is related to the properties 
of filling materials and the drainage conditions. There is soft 
clay soil layer beneath the SWC Reservoir dam foundation. 
The filling materials of SWC Reservoir dam, whose main 
component is sandy loam, are from the abandoned old 
reservoir dam body and foundation, as well as the earthwork 
excavated in the reservoir area. The clay soil is highly 
compressible, and the void water is relatively difficult to 
discharge. Thus, compared to sand, sandy loam has a longer 
compression process due to the clay composition mixed 
therein. During the construction period and the initial stage 
of completion of the dam, the consolidation process was fast, 
and most of the void water was discharged. If the subsequent 
load no longer changed greatly, the subsidence would 
become slow, but it would still take a long time to reach a 
stable state of consolidation end. Since the newly built SWC 
Reservoir was completed in June 2013, during the study 
period (April 2017 to January 2018) of this paper, the 
consolidation process partly affected the deformation 
process of the dam. 
    The water pressure generated by the reservoir 
impoundment is an external load acting on the dam and is 
one of the important factors affecting the stability of the dam. 
Empirically, for earth-rock dams, the effect of water level on 
the dam surface deformation would be greater than the 
influence of temperature. As one of the important storage 
reservoirs for SNWD Project, SWC Reservoir is responsible 
for regulating water supply, and the fluctuation of water level 
is a typical behavior. During the following four months from 
September 2017, the water level of SWC Reservoir rose by 
nearly 5 meters. Deformation is the response of the dam to 
the influent water load. In Fig. 9 we can see that the rate of 
dam settlement is directly related to the inflow of the 
reservoir. The subsidence stopped in the short pause of water 
inflow around 1st December and thereafter the slope of the 
deformation time series reached the largest. It is worth noting 
that this stage was not the fastest rising period of reservoir 
water level. We consider this is mainly because the upper has 
a larger porosity than the lower part of the dam, due to 
shorter time of large load (high water level as above 10 m) it 
experienced. Therefore, the compaction process is more 
significant at high water levels. 
    All the reservoir embankments and dams exhibit seepage 
due to the fill material is permeable, and dam failures 
triggered by seepage account for nearly 40% of all the 
failures[35]. Seepage would also saturate the slope material, 
reduce the effective weight of the soil under the wetting line, 
as well as the internal friction and cohesion, which are all 
detrimental to the stability of the dam. Influenced by 
seepage, osmotic deformation occurs. Piping usually 
happens along spillways or other conduit through the dam or 
embankment. These areas should be carefully inspected and 
this is one of our important reasons to choose the location 
layout of the GNSS monitoring sites. Although the 
deformation may not be caused by the single factor of 
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seepage, the deformation monitored at the GNSS site could 
be used as a reference indicator of seepage in the nearby area. 
    The three factors affecting the deformation process 
mentioned above are not isolated. A higher water level 
increases the load on the dam, thereby accelerating the 
compaction process. The rise and fall process of the water 
level also affects the seepage process. In the case of SWC 
Reservoir, we consider the water level to be the main cause 
of the dam surface deformation. For reservoirs operating at 
high water levels, the management department should pay 
close attention as well as strengthen manual inspections 
whether or not it is the flood season. 
    Generally, dam deformation includes two stages: plastic 
and elastic deformation. If long-term deformation time series 
which experienced multiple water level rise and fall 
processes can be obtained, we may judge the dam in the stage 
of elasticity or plastic deformation. Regrettably, due to the 
power retrofits, employee transfer and data transmission cost 
issues, shortly after completing the test mission and handing 
over to the local management, the GNSS monitoring system 
stopped working. This reminded us that in the engineering 
practice, training and management also ought to be 
strengthened. The new monitoring method should be 
incorporated into daily work, and responsible persons were 
supposed to be specified. Related institution guarantee 
should be established to effectively protect the long-term 
stable operation of the GNSS monitoring system, so as to 
maximize its effectiveness. 
V. CONCLUSIONS 
This should be the first deformation monitoring application 
of GNSS in SNWD Project in China. We have drawn the 
main conclusions as follows. 
1) The deformation monitoring system of dams and 
embankments based on GNSS system should take 
the field survey results as the design basis, and the 
deformation characteristics as well as filling 
materials of different parts of the hydraulic 
structure should be fully considered. Due to the 
limited number of GNSS receivers deployed in 
practice, attention should be paid to the adjacent 
hydraulic structures, such as the surrounding areas 
of dam-through culvert. At the same time, this 
application can also be extended to other types of 
deformation monitoring systems of hydraulic 
engineering. 
2) For the slow deformation process of the dam 
surface, the GPS static solution can meet the 
temporal and accuracy requirements. The precision 
of the 12-hour solution reached 1-2 mm in the 
horizontal direction and 2-3 mm in the vertical 
direction. In the deformation monitoring practice of 
water engineering, the time duration of the static 
solution should be determined according to 
different periods (the flood season/non-flood 
period) and the water level. 
3) Because of the differences of satellite 
constellations, the precision of the deformation 
results from BDS and GPS was different. With the 
increase of observation sessions, the precision of 
deformation results was improved. In this study, the 
results of BDS and GPS in 24-hour observation 
periods were almost identical, which confirmed that 
the BDS system could provide millimeter-scale 
deformation monitoring services for Chinese region 
after the completion of the Asia-Pacific network. 
With the global service beginning from the end of 
2018, this could be extended to a wider scope. 
4) The GNSS deformation time series reveals the 
uneven settlement of SWC reservoir dam. The 
deformation process is affected by the 
consolidation of the filling material, water level and 
seepage. High correlation appears between the 
water level in the reservoir and the deformation of 
the dam surface, indicating that the water level 
changes should be the main factor contributing to 
the dam deformation. 
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